Longitudinal coupled bunch growth rates in the Advanced Light Source (ALS), a 1.5 GeV electron storage ring for producing synchrotron radiation, indicate the need for damping via a feedback (FB) system. The design of the system is based on the proposed PEP-I1 longitudinal FB system which uses a digital filter to provide the required phase and amplitude response. We report the results of a detailed computer simulation of the FB system including single particle longitudinal beam dynamics, measured R F cavity fundamental and higher order modes, and response of major FB components such as the power amplifier and kicker. The simulation addresses issues such as required FB power and gain, noise, digital filter effects, and varying initial bunch conditions.
IN TROD UCTION
The calculated longitudinal multibunch growth times resulting from interactions with the RF cavity higher order mode impedance [l] indicate the need for a multibunch FB system in order to maintain longitudinal beam stability. The longitudinal feedback (LFB) system proposed for the ALS is based on a design for the FB system proposed for PEP-11, a high-current, many-bunch storage ring proposed to be built a SLAC [2] .
A time-domain computer simulation of the longitudinal motion of a multibunch beam [3] has been used in order to study the performance of the ALS LFB system under a variety of conditions. The simulation is useful for studying many issues which theoretical methods on coupledbunch beam stability can only estimate. These include transients and growth rates for nonuniform bunch filling patterns, residual beam noise, nonlinearities, and power requirements. The simulation is also useful for examining electronic effects which can occur in the FB system such as amplifier saturation, limited frequency response, deviations from linear phase.
LONGITUDINAL SIMULATION [3]

Difference Equations
The simulation code models each bunch as a single macroparticle of charge q. The coordinates used for describing the longitudinal motion of each bunch are A E , the energy deviation from the reference energy, and 4, the phase of the RF clock at the arrival time of the bunch at the cavity. 
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The turn-by-turn difference equations for these coordinates can be written as and Vg is the voltage in the cavity from an external generator, V, is the wakefield voltage, VFB is the voltage kick from the FB system, and Vnoise is a noise source. Us,i is the energy lost to synchrotron radiation on turn i and is given by (3) where U = U ( E ) is the energy lost to radiation for an electron of energy E .
To include effects from the fundamental mode such as Robinson damping and beam gap transients, it is necessary to apply standard beam-loading compensation to the RF voltage [4] . To do this, the fundamental mode is detuned from the RF frequency and Vg is adjusted to maintain a constant cavity voltage (Vc). The amount of frequency detuning is given by the relation 
The beam-induced voltage in the fundamental mode is included in the wake voltage, V,. It is initialized to its expected steady-state value at the start of a run in order to avoid transient problems.
The wakefield voltage is found by summing the voltage contribution from each cavity mode. All cavity modes are assumed to be resonator-type impedances. The net wake voltage is given by where wr, Q, k are the resonator frequency, quality factor, and loss factor. The loss factor is related to the shunt impedance by (9) Each resonator wake voltage is initialized to zero at the start of the simulation except for the fundamental mode.
Feedback Model[S]
The purpose of the LFB system is to process a measured bunch phase error and produce an energy correction with a 90' phase shift at the synchrotron frequency. In the proposed design of the system, a beam phase oscillations are detected at 6 x frr. This signal is digitized and a farm of digital signal processors (DSPs) computes an output using a digital filter with the desired frequency and phase response using a digital filter algorithm. The computed correction is then converted to a voltage and modulated to the operating frequency of the longitudinal kicker.
The digital filter used in the DSPs is a 5-tap finite impulse response (FIR) filter. To reduce the total amount of data processing, only the signal from every nth turn for a particular bunch is used to calculate the output. Because of the many (-110) turns per synchrotron oscillation, a reduced set of sampled signals is adequate to define the synchrotron oscillation for a given bunch. On turns where a new output for a given bunch is not calculated, the previous correction for that bunch is used. For the simulation, a downsampling factor of n = 24 was used, corresponding to roughly 5 samples per synchrotron oscillation.
The correction signal is calculated from the input phase error signal as a convolution given by where Yk is the output of the filter on turn IC, n is an index which sums over the last m phase error measurements of a particular bunch, Cn are the weighting coefficients of the filter, and Xk-n are the digitized input phase error measurements for the last m samples. The filter coefficients are chosen to pass signals at the synchrotron frequency with a 90' net phase shift and zero DC response. The filter coefficients for one of the 5-tap filters used in this simulation and the resulting frequency response is shown in Figure 1 .
The simulation LFB model includes: 1) the properties of the phase detector, mixer, low-pass filter, low-pass filter, A/D and D/A conversion, 2) input noise, gain, and offset errors, 3) algorithm running DSPs to compute output response, 4) bandwidth limitations of amplifier, and kicker. Digital filters were used to approximate the frequency response of the LFB system components in the simulation. A wide variety of filters were tried. For the results in this paper, a 20-tap FIR bandpass filter was used to approximate frequency response of the analog components in the system.
RESULTS
The ALS and FB parameters used for the simulation are shown in Table 1 . The monopole RF cavity modes used were measured on a spare ALS cavity and are given in reference [5] , in these proceedings. One of the consequences of the gap in the bunch filling pattern is a different synchronous phase angle for each bunch. This makes the zero )C response of the FIR filter important. Since all bunches tart at the same initial phase, the simulation is run for 000 turns before an injection disturbance is applied in rder to allow the beam to settle into its steady-state conition. All simulation runs used ALS injection conditions. The ijector system injects 4 bunches separated by 4 RF buckts into the storage ring at a 1 Hz rate. Each bunch has maximum centroid energy and phase offset given in Tale l . Runs with the FB turned off show an exponential icrease in the bunch phase up to an amplitude of -0.3 td whereupon the oscillation appears to self-limit. The miting mechanism is not yet understood. The transient :sponses of an offset bunch (bunch 1) and a trailing bunch lunch 2) with the FB on are shown in Figure 2 . Bunch is kicked at turn 1000 and is damped linearly while the B voltage is saturated at 1.5 kV and exponentially in the roportional region. Bunch 2 is excited through wakefield ,upling and is damped down to the sensitivity level of ie FB input, which is determined by the least significant it of the input A/D conversion. For the simulation, the nsitivity was 2 mrad. Figure 3 is an expanded view of the bunch hase and the computed FB output kick for bunch 1. The epping structure of the output is a result of the downsaming of the input signal. Note that the output is shifted -90' from the bunch phase and that the output has no C component. The damping rate of the LFB system was t to be 2.5 times the largest calculated CB growth rate. For the FB gain and external noise used, the system was ways capable of damping the bunch phases to within the nsitivity level of FB input. The requisite voltage to damp le beam was also studied. The FB system was able to abilize the beam for the above injection transients with 1/2 the maximum FB voltage kick. Thus, the system luld concievable run with -1/4 the specified power for the kind of injection disturbances expected. The effect of shifts in the HOM frequencies on the ability of the FB system to damp the beam was also studied. We ran a series of simulation runs using the measured HOM parameters, where several of the high-Q HOM frequencies were varied randomly from run to run. The FB was able to damp the beam under all conditions except when the frequency strongest HOM landed on a frequency corresponding to an unstable coupled-bunch mode.
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CONCLUSIONS
A simulation of the ALS longitudinal multibunch FB system has demonstrated that it is capable of damping coupled-bunch oscillations to acceptable levels for nominal operating conditions. The actual power requirements should be less than Calculated.
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